Paratanaisia are eucotylidae digeneans that affect the upper urinary tract of birds. This genus contains three species (Paratanaisia bragai, P. robusta, and P. confusa) with similar morphological features. Macroscopic and microscopic damage caused by these parasites ranges from the irrelevant to significant lesions. This study aimed to describe the histological, morphological, and molecular features of the renal tissues and parasite specimens obtained from naturally infected free-ranging and captive wild birds in Brazil. Histopathological evaluations were performed on 103 slides containing kidney tissue sections from parasitized birds. Parasites were observed inside the collecting ducts, causing the dilation and destruction of the lining epithelial cells and alterations in other structures of the renal parenchyma. Such findings indicate that Paratanaisia have pathogenic potential in a wide range of hosts, suggesting low host specificity. The parasites recovered from the kidneys of 10 birds, including Columbiformes, Galliformes, Strigiformes, and Cuculiformes, were morphologically evaluated and identified as Paratanaisia sp. Formalin-fixed paraffin-embedded kidney fragments were subjected to conventional PCR assays targeting the 18S and 28S rDNA genes. A Bayesian inference analysis based on an 800-bp 18S rDNA gene fragment separated the trematode genus accurately, clustering all of the parasites tested with a previously described P. bragai specimen. Analyses on a small fragment of the 28S rDNA gene did not allow for accurately differentiating the Paratanaisia species. Therefore, further morphological studies with additional molecular markers are necessary to improve our understanding of the alpha-taxonomy of this group.
Introduction
Parasites are important pathogens in wildlife and significantly impact the health of their hosts (Hudson et al. 1998) . If an affected system such as the urinary tract shows little regeneration capability, then the health impact may be more evident and result in the mortality of some individuals (Unwin et al. 2013) .
Paratanaisia are digenetic eucotylid parasites that affect the upper urinary tract of several bird species (Menezes et al. 2001; Luppi et al. 2007; Unwin et al. 2013; Prastowo et al. 2014 ). This genus contains three flattened and elongated species with similar morphological features: Paratanaisia bragai (Santos 1934) Freitas 1959 , Paratanaisia robusta (Freitas 1959 , and Paratanaisia confusa. The teguments of P. bragai (Brandolini and Amato 2007) and P. robusta are covered with flattened scales, while spines are found on that of P. confusa (Travassos et al. 1969) .
Since their original description, these digeneans have been recorded parasitizing several bird species, including those belonging to the orders Galliformes (Menezes et al. 2001; Gomes et al. 2005) , Psittaciformes (Luppi et al. 2007 ), Tinamiformes (Mapeli et al. 2003; Momo and Werther 2013; Momo et al. 2016) , Ciconiiformes (Abdo and Sultan 2013) Passeriformes (Unwin et al. 2013; Tavela et al. 2014) , Columbiformes (Taroda et al. 2013; Unwin et al. 2013; Xavier et al. 2015) , and Cuculiformes (Santi et al. 2017) , suggesting low host specificity. Like other digeneans, Paratanaisia have a heteroxenous life cycle, with gastropod mollusks acting as the intermediate hosts and birds as the definitive hosts. The infection occurs when an avian definitive host ingests metacercariae-infected mollusks. In Brazil, the land snails Leptinaria unilamellata (Keller and Araújo 1992) and Subulina octona (Brandolini and Amato 2007) play the role of intermediate host for the Paratanaisia species.
The macroscopic effects of Paratanaisia infections are variable and range from non-specific alterations (Pinto et al. 2004; Gomes et al. 2005) to relevant changes such as alterations in kidney size and shape and brownish discolorations (Abdo and Sultan 2013) . Microscopically, the dilation of renal collecting ducts with morphological alterations and abundant inflammatory reactions has been described (Menezes et al. 2001; Mapeli et al. 2003; Gomes et al. 2005) .
This study aimed to identify the renal trematode Paratanaisia spp. that parasitize wild birds in Brazil using morphological and molecular methods. Additionally, this work aimed to describe the histopathology of the urinary tracts of infected birds.
Materials and methods

Histopathological analysis
To perform the histopathological evaluation, slides containing kidney tissue sections from parasitized wild birds were evaluated by light microscopy. The slides were obtained from archival material (1994 to 2014) and freshly necropsied birds (2015 and 2016) in the Veterinary Pathology Department of São Paulo State University (Unesp), School of Agricultural and Veterinarian Sciences, Jaboticabal, São Paulo, Brazil. Slides were prepared by fixing the urinary tissue fragments in 10% buffered formalin. After 24-48 h, this material was dehydrated, embedded in paraffin, cut into 4-μm sections, and stained with hematoxylin and eosin (HE).
Morphological identification of trematodes
The remaining tissue from the freshly necropsied birds was sliced and evaluated for the presence of parasites under a stereoscopic microscope. The parasites were collected in microtubes with Railliet & Henry solution (92% deionized distilled water, 5% commercial formaldehyde, and 3% glacial acetic acid) and stored for later staining with chloridric carmine (Travassos 1950 ) and morphological identification according to Travassos et al. (1969) . Images were obtained with an Olympus BX-51 light microscope and an Olympus SZX7 stereoscopic microscope and processed with Image Pro Plus v. 4.0. Some of the collected parasites were preserved in 70% ethanol at − 20°C for further molecular analysis.
DNA extraction
DNA was extracted from the formalin-fixed paraffin-embedded (FFPE) kidney tissue samples from the parasitized wild birds using the QIAamp DNA FFPE™ Tissue Kit (Qiagen™, Valencia, California, USA), while the DNeasy™ Blood & Tissue Kit (Qiagen™, Valencia, California, USA) was used to extract DNA from the pooled trematode samples (1-30 parasites obtained from the kidney) obtained from each freshly necropsied bird. Both protocols were performed according to the manufacturer instructions.
Conventional PCR (cPCR) assay for an endogenous gene
The presence of amplifiable DNA in the FFPE kidney tissue samples was verified by a conventional PCR assay targeting the endogenous glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (Birkenheuer et al. 2003) . The PCR assays were conducted in a 25-μL total reaction volume containing 5 μL of target DNA, 0.2 mM mixed deoxynucleotide triphosphates (dNTPs; Life Technologies®, Carlsbad, CA, USA), 3.0 mM MgCl 2 (Life Technologies®, Carlsbad, CA, USA), 1.25 U Taq Platinum DNA Polymerase (Life Technologies®, Carlsbad, CA, USA), 0.4 μM of each primer [GAPDH-F (5′-CCTTCATTGACCTCAACTACAT-3′) and GAPDH-R (5′-C C A A A G T T G T C AT G G AT G A C C -3 ′ ) ] ( S í n t e s e Biotecnologia, Belo Horizonte, MG, Brazil), 2.5 μL of 10X reaction buffer, and sterile ultra-pure water (Promega) qsp 25 μL. The cycling conditions comprised an initial denaturation of 5 min at 95°C; 37 cycles of 30 s at 95°C, 30 s at 50°C, and 1 min at 72°C; and a final extension for 5 min at 72°C. The PCR reactions were performed in a conventional thermocycling device (T100™Thermal Cycler, BioRad™, Hercules, CA, USA).
Trematode cPCR assays
The GAPDH-positive FFPE samples and parasite specimens were subjected to conventional PCR assays targeting two gene regions, 18S ribosomal DNA (rDNA; Routtu et al. 2014 ) and 28S rDNA (Unwin et al. 2013 ). The first PCR protocol was based on a 310-base pair (bp) fragment of the 28S rDNA gene (Unwin et al. 2013) . These PCR reactions contained the same concentration of reagents as described for the endogenous GAPDH gene, except that 0.25 μL of the 0.3-μM forward [Para28S_F (5′-AAGCCTGTGTCCACTTGGTC-3′)] and reverse [Para28S_R (5′-CGTGCTGTTTACCCTCTCTTC-3′)] primers (Síntese Biotecnologia, Belo Horizonte, MG, Brazil) were used. The cycling conditions comprised an initial denaturation of 5 min at 95°C; 34 cycles of 15 s at 95°C, 30 s at 50°C, 30 s at 72°C; and a 5-min extension at 72°C (Unwin et al. 2013) .
The second PCR protocol was based on an 800-bp fragment of the 18S rDNA gene (Routtu et al. 2014 ). This PCR protocol also used 0.25 μL of 0.3-μM forward [C_for (5′-ATGGCTCATTAAATCAGCTAT-3′)] and reverse [A_rev (5′-TGCTTTGAGCACTCAAATTTG-3′)] primers (Síntese Biotecnologia, Belo Horizonte, MG, Brazil) in a reaction mixture otherwise identical to that used for the GAPDH gene. The cycling conditions comprised an initial denaturation of 2 min at 94°C; 30 cycles of 15 s at 94°C, 15 s at 60°C, and 15 s at 72°C; and a final extension of 1 min at 72°C (Routtu et al. 2014) .
PCR products were separated by electrophoresis on 1% agarose gels stained with ethidium bromide (Life Technologies®, Carlsbad, CA, USA). To prevent PCR contamination, the DNA extraction, PCR-reaction setup, PCR amplification, and electrophoresis steps were performed in separate rooms.
Purification, sequencing, and phylogenetic analyses
The amplified DNA fragments were purified with the Silica Bead DNA Gel Extraction Kit^(Fermentas®, São Paulo) according to the manufacturer's instructions and prepared with the BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific®, Waltham, MA, USA) for Sanger sequencing (Sanger et al. 1977) in an ABI PRISM 310 DNA Analyzer (Applied Biosystems®, Foster City, CA, USA).
Consensus sequences were obtained using PHRED software (Ewing et al. 1998) , and homologous sequences were searched for using the NCBI BLAST service (Altschul et al. 1990 ). The MAFFT (multiple alignment program for amino acid or nucleotide sequences) program (Kazutaka et al. 2002) was used to align the sequences retrieved from the GenBank database.
Phylogenetic analyses based on Bayesian inference were conducted using both the 18S and 28S rDNA genes fragments. The Bayesian inference analysis was performed with the program MRBAYES 3.1.2 (Huelsenbeck and Ronquist 2001) on the CIPRES Science Gateway (Miller et al. 2010) using the best models selected by the IQ-TREE web server under the corrected Akaike information criterion. Markov chain Monte Carlo simulations were run for 10 8 generations with a sampling frequency of every 100 generations and a burn-in of 25%. The trees were examined in Treegraph 2.0.56-381 beta (Stöver and Müller 2010).
Results
A total of 103 kidney tissue sections from parasitized wild birds were evaluated by light microscopy. The slides were obtained from the Veterinary Pathology Department archives (n = 88) and from freshly necropsied birds (n = 15). In total, 73 birds (71%) were free-living and 30 (29%) lived in captivity. The birds belonged to 10 different orders and 24 avian species (Table 1) . The cause of death of the birds was not taken into consideration, as the emphasis of this study was on the presence of parasites and alterations in the kidney tissue.
All of the evaluated kidneys showed histopathological alterations (Table 2) , the most prominent being located at the parasitized collecting ducts (Fig.1) . In some birds, the remaining renal parenchyma and interstitial tissue were also affected, with findings of prominent inflammatory reactions, hemorrhage, necrosis, and fibrosis in addition to glomerular alterations. The most significant alterations were to the collecting duct diameters and the epithelial structure.
The highest parasitic burden was found in the Strigiformes specimens, with an average of 18.2 parasitic structures per slide, which was followed by the Columbiformes specimens, with 17.9 parasitic structures per slide. The small number of Gal liformes, Cariamiformes, Musophagiformes, Passeriformes, and Cuculiformes samples precluded an accurate evaluation.
A morphological evaluation was performed with carminestained parasites obtained from 10 of the 15 freshly necropsied birds. Six parasite specimens recovered from each bird were morphologically identified. A well-developed, sub-terminal, oral sucker with a muscular and wider than long pharynx was observed on the initial portion of the parasite body, while sinuous ceca were fused at the caudal end. Testes were lobed, pre-equatorial, and post-ovarian, most of them being intracecal. There was a pre-testicular, irregularly shaped, and laterally displaced ovary. Vitelline extended from the bifurcal zone to the end of the parasite body. A well-developed uterus filled with ellipsoid brownish eggs covered most of the parasite body (Fig. 2) .
In four birds (Guira guira, Numida meleagris, Columba livia, and Zenaida auriculata), all of the parasites (#1, #2, #3, and #4) had spines covering the tegument and were therefore morphologically identified as P. confusa. In contrast, the parasites (#5, #6, and #7) in three birds (all C. livia) had scalecovered tegument and were morphologically identified only at the genus level as Paratanaisia sp. (Travassos et al. 1969) . In three further cases (#8, #9, and #10) recovered from two C. livia and one Athene cunicularia, two distinct morphological types were observed parasitizing the same bird, denoting the occurrence of co-infection. Due to the small number of samples, no morphological identification was possible for samples #11, #12, #13, and #14.
The cPCR amplifications targeting the endogenous GAPDH gene were negative in six FFPE samples, which were therefore excluded from the molecular analyses. The cPCR amplification targeting the 310-bp 28S rDNA gene fragment yielded positive results in 14 of 15 parasite samples (93.3%) and 52 of 73 FFPE samples (71.2%). In addition, 14 of the 15 parasite samples (93.3%) assayed for the 800-bp 18S rDNA gene fragment yielded positive results.
A BLAST search was performed for each sequence using the default parameters. All sequences retrieved from the BLAST results showed 100% coverage of the fragments. Analyzing the sequenced products for the 18S-rDNA region showed 13 of the fragments (#1 to #13) had 99% sequence identity with P. bragai (GenBank accession: JX231100) and one (#14) had 98% identity. All of the amplified sequences in this study were positioned in the same P. bragai clade detected in Zenaida graysoni (GenBank accession: JX231100). The positioning of the sequences was supported by a posterior probability greater than 62 in the Bayesian analysis (Fig. 3) . Eurytrema coelmaticum was used as the outgroup.
The BLAST analysis of the sequenced products from the 28S-rDNA region had sequence identities of 98 to 100% with the P. bragai sequence reported in GenBank accession JX231098 and of 97 to 99% with the P. bragai sequence reported in GenBank accession JX231099. However, the phylogenetic inferences using this small fragment were not robust.
Discussion
Since the first description by Santos in 1934 (Giovannoni and Malheiro 1952) , Paratanaisia spp. have been described in several avian species (Gomes et al. 2005; Tavela et al. 2014; Xavier et al. 2015; Momo et al. 2016 , Santi et al. 2017 ). However, most of the reports referred to P. bragai or to undetermined species (Paratanaisia spp.). Additionally, studies on taxonomic classification and host-parasite relationships are scarce. In this study, Paratanaisia parasites were observed in 24 avian species, including some that have not previously been described as hosts for these trematodes. Thus, this work provides a new record of Paratanaisia hosts in several orders: Columbiformes represented the most frequently infected birds, perhaps due to their feeding habits. The diets of these species, along with Galliformes and Tinamiformes, vary widely in nature and are composed of grains, feeds, insects, and small invertebrates (Sick 1997), increasing the probability of infection by the digeneans whose intermediate hosts are gastropod mollusks (Keller and Araújo 1992) . However, because the snails are small, their accidental ingestion by birds not usually expected to feed on them such as Psittaciformes and Piciformes should be considered (Gomes et al. 2005) .
Wild free-living birds such as Columbiformes, which were widely infected in this study, are widespread and frequently in close contact with domestic and wild captive birds. Freeliving birds could be found living around zoos and poultry and other breeding facilities, sometimes sharing the food and environment, and may act as reservoirs and carriers of trematodes to these hosts. The maintenance of different species Parasites* refers to the medium number of the parasitic structures observed in the tissue kidney of the birds in each group. The group BOther^represents the orders with small number of birds (Galliformes-2, Cariamiformes-2, Musophagiformes-1, Passeriformes-1, and Cuculiformes-1)
together with different known susceptibilities could promote helminth cross-infection and the spread of the parasites, especially if suitable snail hosts are also present. This study demonstrated the wide incidence of infection in both captive (30/103) and free-living (73/103) avian species, suggesting the parasitosis may have implications for veterinary care and aviary management, as well as for free-living endangered birds. Due to their low host specificity, these trematodes could significantly affect conservation programs if infected captive birds are released into the wild, making the accidental introduction of these trematodes into naïve avian populations possible.
It is also important to consider the role of bird migration in the spread of these parasites. Although there were no reports of migratory birds infected in this study, they have been reported as Paratanaisia hosts (Routtu et al. 2014 ) and could become important carriers, spreading the parasites to locations where bird migration is common.
Microscopically, the observed histological alterations at the collecting ducts were probably caused by the direct actions of the parasites. Their relatively large body size may result in physical compression, which could lead to alterations such as a decrease in lumen diameter or its replacement by connective tissue, even in the non-parasitized collecting ducts (Unwin et al. 2013; Tavela et al. 2014) as was observed in some of the sampled birds in this study. Those cases where ductal dilatation was not observed were likely related to a low parasite burden or the small size of the immature parasites in the ducts.
While most previous studies indicate a relatively benign disease focused only on structures directly affected by the parasite (Pinto et al. 2004; Brener et al. 2006; Tavela et al. 2014) , we observed prominent inflammatory reactions in the interstitial renal tissue along with hemorrhage, necrosis, fibrosis, and glomerular alterations. However, because all the birds were naturally infected and most were free-living, it was not possible to confirm if these alterations were directly caused by the parasite interference or if they were related to causes other than parasitism such as the conditions of the host organism, its nutritional status, or concomitant infections. Moreover, because the sampled birds were naturally infected by trematodes, Fig. 3 Phylogenetic analysis of 18S-rDNA sequences based on Bayesian inference. The supporting values for a posterior probability greater than 50% are shown on each branch. The sequences from this work are highlighted in bold and form a single cluster grouped with one sequence obtained from Zenaida graysoni (67% probability). Eurytrema coelomaticum was used as the outgroup it was not possible to determine the course of infection or make inferences regarding how long the birds had been infected or how much damage the parasites had caused.
It was possible to differentiate two morphological types based on the tegument covering during the microscopic evaluation of the carmine-stained parasites; one type was covered with flattened scales, while the other was covered with spines. The identification of Paratanaisia species can be difficult when based only on morphological characters. Paratanaisia confusa can be accurately differentiated from the other two species of the genus because its tegument is covered with spines, while the teguments of the other species are covered with scales (Travassos et al. 1969; Brandolini and Amato 2007) . Otherwise, the three species present many similar features regarding their digestive and reproductive tract morphology. The overlap in the morphometric measures of the three species precludes an accurate morphological identification. However, the use of PCR to amplify ribosomal gene fragments and sequencing the products should allow for a proper taxonomic assessment (Routtu et al. 2014) .
Although amplifying the 310-bp fragment of the 28S-rDNA gene is considered suitable for identifying Paratanaisia spp. in kidney tissues, the short amplicons proved to be unreliable for species identification and phylogenetic inferences. In contrast, the primers targeting an 800-bp fragment of the 18S-rDNA gene were specifically designed for trematodes, and the sequence of the region covered is highly polymorphic among trematode species (Routtu et al. 2014) .
The phylogenetic analysis based on Bayesian inference separated the trematode genus accurately. However, some discrepancies were observed between the morphological and molecular evaluations at the species level. For instance, specimens #2, #3, and #4 were morphologically classified as P. confusa and clustered together with P. bragai, but were separated from specimen #1, also morphologically classified as P. confusa. The discrepancies in parasite identity could be due to the presence of more than one species cohabiting the same kidney, as observed in Specimens #8, #9, and #10. Furthermore, the lack of P. confusa and P. robusta 28S and 18S rDNA sequences in the GenBank database precluded any robust phylogenetic inferences. Moreover, these two trematodes have rarely been described in the literature. It is possible the targeted genetic regions used in our study were conserved, precluding accurately differentiating between Paratanaisia species. The Paratanaisia genus would benefit from additional molecular data from each of its constituent species. Further molecular studies may elucidate the specific genetic differences, thereby improving the alpha-taxonomy and indicating whether three species or a single polymorphic species is valid.
A histopathological evaluation was used in this study as a screening tool for further molecular analysis; therefore, all the samples were known to contain trematode parasites. However, not all the samples yielded positive results from the DNA amplification. The failure to successfully amplify some of the FFPE samples may be attributed to the absence of parasites in the small fragment of kidney tissue removed from the histology block. In addition, processing the material for histopathology using chemical reagents such as formalin may disrupt long DNA chains, thereby reducing sensitivity and preventing the amplification of long fragments. This might explain the negative results for the 18S rDNA fragment amplifications from the FFPE samples. Nevertheless, the results suggest there is value in screening FFPE tissues.
Conclusion
The histopathological findings in the urinary tissue of infected birds suggested that Paratanaisia species have pathogenic potential in a wide range of hosts. Although species determination was not successful, the phylogenetic inferences showed that all parasites examined in this study belonged to the same genus. More studies aiming to amplify larger ribosomal DNA fragments, as well as other genes, will add to the ability to make phylogenetic inferences and help to clarify the taxonomy.
